Abstract-Different-complexity multicell preprocessing (MCP) schemes employing distributed signal-to-interference leakageplus-noise ratio (SILNR) precoding techniques are proposed, which require reduced back-haul data exchange in comparison with the conventional MCP structure. Our results demonstrate that the proposed structures are capable of increasing the throughput achievable in the cell-edge area while offering different geographic rate profile distributions, as well as meeting different delay requirements.
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(MIMO)-system-based multicell preprocessing (MCP) [1] , [2] constitutes a promising enabler for improving the throughput of cell-edge mobile stations (MSs) by jointly preprocessing the data of all the cooperating base stations (BSs) involved [3] . Moreover, MCP requires the channel state information (CSI) of all the links to all supported MSs at all the distributed transmitters to facilitate downlink (DL) joint precoding. This is typically achieved by a central unit (CU), which connects all the cooperating BSs considered via a limited-rate back haul [4] , [5] .
In the context of linear precoding, the so-called signalto-interference-leakage-plus-noise ratio (SILNR) maximization technique [6] , which carefully balances the received signal power of the target MS against the interference power imposed on the remaining MSs, is capable of combining the benefits of both the egoistic beamforming (BF) technique and the altruistic zero-forcing technique [7] , [8] . The SILNR maximization technique may be implemented in either a joint or distributed fashion. For the joint SILNR [9] , the precoding matrix of all BSs cooperating for transmitting to a particular MS has to jointly be determined at the CU with the aid of all the MIMO channels involved. This is quite a demanding requirement, necessitating the back-haul exchange of both the data streams of all the MSs and the DL CSI of all the MSs. In contrast, for the distributed SILNR (DSILNR) [10] , the BS's precoding matrix calculated for transmission to a particular MS may locally be determined at each individual BS, where only the channels spanning from the corresponding BS to the MSs are involved in the precoding matrix calculation. Hence, the DSILNR technique substantially reduces the signaling requirements from a CSI exchange perspective.
To the best of the authors' knowledge, the challenges of MCP relying on reduced data-rather than CSI-exchange have not been explored in the open literature. Hence, for the sake of reducing the burdens imposed on practical limited-rate backhaul design, in this paper, we do the following. We organize this paper as follows: In Section II, we provide a unified system model for SCP and MCP. Then, various MCP structures are proposed along with their precoding techniques employed. In Section III, we characterize the attainable performance of our MCP structures. Finally, we conclude in Section IV.
Notation: Throughout this paper, lower (upper) case boldface letters represent column vectors (matrices). The superscript (·)
T denotes transposition, and (·) H represents the conjugate transpose. In addition, I represents the identity matrix. The unconventional abbreviations are listed in Table I .
II. SYSTEM DESCRIPTION
A. Unified Model
Let us first introduce the cellular topology in Fig. 1 , where the hexagonal three-sector cellular model associated with a unity frequency reuse is employed. Let B c denote the set hosting the BSs involved in the cooperative transmission. Practically, |B c | = 3 denotes a realistic scenario, where | · | represents the cardinality of a set. These three adjacent BSs form a joint 0018-9545/$26.00 © 2011 IEEE cooperative transmission site, as indicated by the hexagonal area surrounded by the dashed line in Fig. 1 . Hence, the cell edge of the conventional cells effectively becomes the cell center of the newly formed cooperative site, as indicated by the shaded circle in Fig. 1 . These cooperative BSs are connected to a common CU via a limited-rate back haul.
Consider a general cooperative scenario constituted by |B c | = N b BSs, where each BS is equipped with N t transmit antennas. Let us assume that a total of N u = N b MSs-each equipped with N r receive antennas-are involved in the cooperative scenario, where each of the N u MSs roams within the coverage area of a different BS, which is often referred to as its anchor BS, as portrayed in Fig. 1 . Furthermore, we assume that each MS has to receive N s multiplexed DL data streams. Hence, the cooperative scenario may be described by the pa-
denote the total number of BS transmitter antennas, MS receiver antennas, and MS data streams, respectively.
Hence, a unified discrete-time model for the signal received by MS j for both SCP and MCP may be written as
where y j ∈ C N r and n j ∈ C N r denote the received signal vector of MS j and the circularly symmetric complex Gaussian noise vector having a covariance matrix of R n = N 0 I,
T hosts all the data streams of all MSs, where 
The equivalent MIMO channel matrix H E of (1) may then be expressed as H E = H j,∀ , where H j,∀ denotes the jth row of H. According to the equivalent linear precoding matrix G E of (1), for SCP, we may write G E = diag [G] , which is a diagonal matrix hosting the diagonal entries of matrix G. By contrast, for MCP, we have G E = G, which subsumes the various MCP structures to be introduced in the next section. Hence, the discrete-time signal received at MS j for SCP and MCP may, respectively, be written as
where G ∀,j denotes the jth column of matrix G, and B c,−j hosts the BSs within the cooperative site, excluding BS j .
B. Conventional MCP Structure and DSILNR
In the conventional MCP, each BS is responsible for the coprocessing of all MSs' data streams x; in other words, each MS benefits from the joint transmission from all BSs. Hence, this structure may be referred to as equally loaded (EL) cooperative BS structure. In the EL MCP structure, each BS has to know all the MSs' data streams, which requires a substantial amount of data exchange before their precoded DL transmission ensues. Hence, the corresponding global linear precoding matrix G only has nonzero entries The linear SILNR maximization precoding technique [6] employed in this conventional structure aims at maximizing the signal power received at the intended MS and at the same time for minimizing the interference imposed on all the other MSs. In the context of DSILNR [10] , this maximization takes place locally at each individual BS. More explicitly, the SILNR γ at MS j is given by
where the numerator denotes the signal power received at MS j benefiting from the transmission at BS i , whereas the denominator represents the interference leakage power imposed on all the other MSs due to the transmission of
Hence, the optimization problem may be stated as
It can be seen that the maximization problem of (5) requires the knowledge of the power allocation P i,j , namely, the power allocated for the transmission of BS i to MS j . To satisfy the per-BS power constraint P BS , which is assumed to be the same for all BSs, we adopt the power-allocation strategy of [10] 
where the numerator denotes the channel gain associated with the transmission of BS i to MS j , whereas the denominator represents the aggregate channel gain of the transmission of BS i to all MSs. Again, we have χ u = N u and χ l = 1 for the conventional MCP structure. Once the power allocation was determined, the optimization problem of (5) may further be decoupled into individual optimization steps by constraining G i,j to be an orthonormal matrix, as discussed in [6] . Hence, we may obtain the optimization solution as G i,j = eigv(B −1 A), representing the eigenvectors corresponding to the N s largest eigenvalues of
Finally, the resultant linear precoding matrix G i,j is multiplied by the appropriately allocated power of P i,j /N s , where we have implicitly assumed that the power P i,j is equally distributed among the N s DL data streams to be transmitted to MS j .
C. Reduced-Complexity MCP Structures
Apart from the rather demanding EL MCP structure, which requires the exchange of all the data streams x of all MSs, we propose various reduced-complexity structures, where each BS is responsible for the DL transmission of a different number of MSs' data streams.
1) DSILNR-UEL-I:
In the first reduced-complexity structure considered, BS i is only responsible for transmission to MSs within its own cell as well as for transmissions to all the MSs roaming within the previous (i − 1) BSs of the BS set, where the data streams [x 1 , . . . , x i−1 ] of all the (i − 1) MSs have to be known at BS i . Hence, this may be referred to as the unequally loaded structure of type one (UEL-I). For example, when considering a cooperative BS set of size |B c | = 3, as seen in the middle of Fig. 2 , BS i=1 is only responsible for transmissions to its own cell edge MS j=1 , whereas BS i=2 is responsible for transmissions to its own cell edge MS j=2 and to MS j=1 , and finally, BS i=3 jointly transmits to all MS j=1,2,3 . In this structure, the N s data streams x 1 of MS j=1 have to be available at BS i=2 , and the data streams [x 1 , x 2 ] of MS j=1 and MS j=2 have to be available at BS i=3 . Hence, the global linear precoding matrix G becomes a lower triangular matrix, as seen in the middle of Fig. 2 . The DSILNR precoding technique employed remains similar to that discussed in Section II-B, with the slight change that the parameters χ u and χ l of (6) become χ u = i and χ l = 1.
2) DSILNR-UEL-II:
In the second reduced-complexity structure advocated, BS i is only responsible for transmissions to MSs in its own cell as well as for transmissions to MSs belonging to BS i−1 , where only the data streams x i−1 of MS belonging to BS i−1 have to be available at BS i . This regime may be referred to as the unequally loaded structure of type two (UEL-II). For example, when considering the cooperative BS set of size |B c | = 3 seen in Fig. 2 , BS i=1 and BS i=2 have the same configuration as that of UEL-I, whereas BS i=3 is only responsible for transmissions to MS j=2 and MS j=3 , where only the data streams x 2 of MS j=2 have to be available at BS i=3 . Hence, the global linear precoding matrix G becomes a zigzag-shaped matrix, as seen in the right of Fig. 2 . The DSILNR precoding technique essentially remains the same as discussed in Section II-B, where the parameters χ u and χ l of (6) become χ u = i and χ l = max(i − 1, 1).
3) DSILNR-IL-I and IL-II:
The third reduced-complexity structure is similar to the UEL-I structure, with the slight difference that the MCP is operated progressively, where the participation of BS i does not affect the transmission precoding matrix employed at the BSs that already have ongoing transmissions. For example, when considering the cooperative BS set of size |B c | = 3, where BS i=3 participates in the MCP, then the precoding matrices already employed at BS i=1 and BS i=2 remain unchanged. Hence, this structure may be referred to as the incrementally loaded structure of type one (IL-I). Note that this structure has the same data stream exchange requirement as that of the UEL-I structure while imposing only marginal modifications on the network. Likewise, we may define the incrementally loaded structure of type two (IL-II) as the progressive version of the UEL-II structure. As for the other schemes, the DSILNR precoding technique remains the same as that discussed in Section II-B, with the minor change that the parameters χ u and χ l of both (6) and (4) become χ u = i and χ l = 1 for the IL-I structure and χ u = i and χ l = max(i − 1, 1) for the IL-II structure, respectively.
III. PERFORMANCE EVALUATION
In this section, we characterize the various MCP structures employing the DSILNR precoding technique in both the fully loaded scenario
We considered the so-called Urban Micro setup [11] , where the BS-to-BS distance was defined as D = 1000 m. The MIMO channel of each BS-MS pair is constituted by three components, i.e., by
represents the fast fading component, which is assumed to be frequency flat with zero-mean and unity-variance complex Gaussian entries, and A . Furthermore, we let the signal-to-noise ratio at the cell-edge area be 25 dB.
In each simulation, N u = 3 MS locations are generated randomly and independently, where each of the MSs is random uniformly positioned in the area determined by the radius range of r ∈ (0, 0.1D] and angle range of 120
• , corresponding to the sector covered by its anchor BS. Furthermore, we investigate a total of 100 independent simulations, where each simulation was terminated after 5000 simulation runs.
A. Achievable Outage Rate 1) Performance Metric:
To arrive at insightful results, we plot the "outage rate," which is defined as the cumulative distribution function (CDF) of the ergodic achievable rate. We consider equal power allocation in the SCP scenario, namely, G i,i = P BS /N t I, when a single-user detector is employed as a benchmarker, which is unaware of the co-channel interference. The achievable rate of MS j of the SCP scheme is given as
On the other hand, in the MCP scenario, the achievable rate of MS j is given as
2) Performance Overview: Fig. 3 shows the outage rate of each of the N u = 3 MSs (top, middle, bottom) for both conventional and proposed structures in the fully loaded scenario (left) and the lightly loaded scenario (right), respectively. In all the figures, the crosses and the asterisks in the legend stand for the conventional EL MCP arrangement and the benchmarker SCP scenario, respectively. It can be seen in Fig. 3 for both fully loaded and lightly loaded scenarios that all three MSs supported by both conventional and proposed structures achieve a higher outage rate than that of the SCP arrangement marked by asterisks. In general, MS j=2 characterized in the middle subplot of both Fig. 3(a) and (b) exhibits a similar outage rate for all structures considered, whereas MS j=1 and MS j=3 exhibit quite a different outage rate behavior for the various structures, as subsequently detailed.
3) Performance of MS j=1 : As seen in the top subplot of both Fig. 3(a) and (b) for MS j=1 , the type-one reducedcomplexity MCP structures are indicated by the solid line for UEL-I and the dash-dot line for IL-I, both of which achieve a noticeable outage rate improvement over the conventional EL MCP structure indicated by the crosses. However, the type-two reduced-complexity MCP structures indicated by the dashed line for UEL-II and the dotted line for IL-II only achieve marginal or no outage rate improvement when compared with the conventional EL MCP structure.
Remarks: The outage rate improvement of MS j=1 in the proposed reduced-complexity MCP structures is a consequence of the higher total transmission power P i,1 radiated from BS i=1 and BS i=2 for their transmission to MS j=1 compared with the conventional EL structure. For example, the full transmit power of BS i=1 is exclusively used for transmission to MS j=1 , whereas the available power has to be shared for transmission to all three MSs in the conventional EL MCP structure.
4) Performance of MS j=2 :
Observe in the bottom subplot of both Fig. 3(a) and (b) for MS j=3 that all reduced-complexity MCP structures suffer from an outage rate loss when compared with the conventional EL structure. This is as expected, since, in contrast to the conventional structure, where MS j=3 benefits from multiple BSs' transmission, only the anchor BS, namely, BS i=3 associated with MS j=3 , is responsible for transmission to MS j=3 in the proposed reduced-complexity MCP structures, and only a fraction of the total transmission power P BS is available for BS i=3 for transmission to MS j=3 .
Remarks: Importantly, the achievable outage rate remains still higher than that of the SCP, where the full transmit power is available at BS i=3 for transmissions to MS j=3 . This is because although the transmit power available at BS i=3 for transmission to MS j=3 is reduced in MCP in comparison with the SCP scenario, the interference imposed by the other BSs on MS j=3 is reduced more substantially as a benefit of the DSILNR precoding technique employed at all BSs. This also explains the fact that the UEL-I and UEL-II structures achieve a higher outage rate than the IL-I and IL-II structures since the precoding techniques employed in the latter two approaches do not take into account any of the newly activated cooperative BSs, which in turn do not facilitate the control of the interference imposed on those MSs, which have just initiated a call, although the ongoing transmissions are not affected at all. 
B. Delay Limited Performance 1) Performance Metric:
We now further investigate the delay-limited performance for both MS j=1 and MS j=3 . Given a system bandwidth B, a packet's transmission may be modeled by a queue and a wireless link using the M/G/1 model of [13] , which has a Poissonian source packet arrival process having an arrival rate of λ, a general i.i.d. packet delivery time T , and a single server. Let us denote the maximum of the average delay tolerated by a particular service as D. Naturally, the average delay imposed by the system, which depends on both the packet delivery time T and the queueing delay D q , has to be lower than D. In fact, in practice, even the peak delay should be limited, although we do not consider applications that have hard delay requirements in this paper. To simplify our system model, we ignore the propagation delay, the data exchange delay of the cooperating BSs, and the packet acknowledgement feedback delay. Then, we have T + D q ≤ D. For the M/G/1 queue, the average delay constraint may be quantified by [13]
where E[T ] and σ 2 T denote the average successful packet delivery time (ASPDT) and its variance, respectively. We assume encountering i.i.d. packet error events, and in contrast to our previous outage rate studies, we assume that the corrupted packets are retransmitted by an Automatic Repeat reQuest scheme, which keeps retransmitting a given packet until its successful reception is declared. Hence, the probability of the lth transmission (i.e., the (l − 1)st retransmission) of a packet succeeding is given by
l−1 , where f (γ) is defined as the packet success ratio (PSR), which is a monotonically increasing function of the signal-to-interferenceplus-noise ratio (SINR) γ. In this paper, we consider Graymapped square 2 b -QAM packets having a length of N bits, where b represents the number of bits per symbol (BPS). Hence, the PSR is given by
2N/b , where p P AM (γ) is the symbol error ratio (SER) of a 2 b−1 -ary pulse amplitude modulation (PAM) scheme [11] . The SINR γ can be recorded in the same way as in the simulations conducted in Section III-A for quantifying the achievable outage rate for both conventional and proposed reduced-complexity MCP structures, since the calculation of SINR is an intermediate step toward the calculation of outage rate, but instead of calculating the CDF, we require the average SINR value. As a result, the ASPDT and its variance are given by [14]
where the packet duration is τ = N/bR, and R represents the symbol rate. By substituting (10) and (11) into (9), it may readily be shown that D, namely, the maximum of the average delay tolerated by the specific service considered, has to obey the following constraint:
Given D, b, N , and λ, we may find a set of combined solutions [b, R] for (12) [15] when the equality holds. To further refine the resultant solution set, additional constraints should be imposed. Naturally, the average delay is higher than the packet duration; hence, we have D > τ. Second, the packet arrival rate required to support the specific service considered must not be higher than the packet service rate μ = 1/E[T ] delivered by the system to avoid buffer overflow; hence, we have λ < μ. Finally, let us define the normalized transmission rate as R n = R/B, the normalized delay as D n = DB, and the normalized service arrival rate as λ n = λ/B.
Our goal is to find the minimum normalized transmission rate R n so that a given service maximum tolerable normalized delay D n is not exceeded, which is characterized in Fig. 4 for both fully and lightly loaded scenarios in both conventional and proposed structures when the normalized service arrival rate is set to λ n = 0.005, and the packet length is set to N = 240 bits. 
2) Delay Investigation:
In the fully loaded scenario characterized in Fig. 4(a) , we observe for MS j=1 that the proposed structures require a consistently lower normalized transmission rate R n to maintain a given maximum delay D n than the conventional EL structure. When the normalized transmission rate R n approaches its maximum value of unity, the system became capable of operating at a lower delay; hence, the proposed structures support a tighter delay constraint. On the other hand, for MS j=3 , only the UEL-II structure is capable of imposing as low a delay as the conventional structure, and this is at the cost of requiring a higher normalized transmission rate R n .
On the other hand, when considering the lightly loaded scenario of Fig. 4(b) and MS j=1 , both of the reduced-complexity type-one structures operate at a lower delay than the conventional EL structure, as indicated by the solid line for UEL-I and by the dash-dot line for IL-I. By contrast, both reducedcomplexity type-two structures indicated by the dashed line for UEL-II and the dotted line for IL-II achieved a similar delay at the cost of consistently requiring a higher normalized transmission rate R n . On the other hand, we observe for MS j=3 that although the outage rate performance of the proposed structures is inferior in comparison with that of the conventional MCP structure, as seen in the bottom subplot of Fig. 3(b) , the delay imposed by both UEL-I and UEL-II structures is the same as that of the conventional EL structure, which is achieved at the cost of requiring an increased normalized transmission rate R n .
IV. CONCLUSION
Reduced-complexity MCP structures associated with reduced back-haul data exchange requirements and employing the DSILNR precoding technique have been proposed in the context of a unified system model. The achievable outage rate and the maximum system delay were characterized. Our results demonstrated that the proposed structure achieves a higher outage rate than the SCP benchmarker for all the MSs supported. The different MSs belonging to different cells benefit from different grades of MCP enhancements in terms of both the outage rate and the delay imposed. Naturally, the proposed reduced-complexity MCP structures cannot be expected to outperform the conventional MCP structure in all scenarios, but they tend to offer a different geographical rate distribution and different delays while requiring reduced data exchange. Hence, the proposed structures are capable of supporting different QoS requirements.
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